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Summary
Kar3, a Saccharomyces cerevisiae Kinesin-14, is es-
sential for karyogamy and meiosis I but also has spe-
cific functions during vegetative growth [1–7]. For its
various roles, Kar3 forms a heterodimer with either
Cik1 or Vik1, both of which are noncatalytic polypep-
tides [8–11]. Here, we present the first biochemical
characterization of Kar3Cik1, the kinesin motor that
is essential for karyogamy [8–11]. Kar3Cik1 depoly-
merizes microtubules from the plus end and pro-
motes robust minus-end-directed microtubule glid-
ing. Immunolocalization studies show that Kar3Cik1
binds preferentially to one end of the microtubule,
whereas the Kar3 motor domain, in the absence of
Cik1, exhibits significantly higher microtubule lattice
binding. Kar3Cik1-promoted microtubule depolymeri-
zation requires ATP turnover, and the kinetics fit a
single exponential function. The disassembly mecha-
nism is not microtubule catastrophe like that induced
by the MCAK Kinesin-13s [12–18]. Soluble tubulin
does not activate the ATPase activity of Kar3Cik1, and
there is no evidence of Kar3Cik1•tubulin complex for-
mation as observed for MCAK [12, 13, 15, 16, 18].
These results reveal a novel mechanism to regulate
microtubule depolymerization. We propose that Cik1
targets Kar3 to the microtubule plus end. Kar3Cik1
then uses its minus-end-directed force to depolymer-
ize microtubules from the plus end, with each tubulin-
subunit release event tightly coupled to one ATP
turnover.
Results
Kar3 is one of six kinesin-related genes in budding
yeast [1, 11, 19]. Like Drosophila Ncd, Kar3 is classified
as a Kinesin-14 because its motor domain is at the car-
boxy terminus, and it promotes minus-end-directed
microtubule (MT) gliding in vitro [1, 2, 20]. However,
Kar3 is the only Kinesin-14 in S. cerevisiae, and there
are specific roles for Kar3 motor activity in both the
cytoplasm and the nucleus. The cellular localization is
modulated in part by Cik1 and Vik1 to either the cyto-
plasm or nucleus [8–11]. During conjugation in re-
sponse to mating pheromone, Cik1 targets Kar3 to
astral MTs and to the spindle pole bodies [8–11]. Mating
cells that lack either Kar3 or Cik1 fail to interdigitate*Correspondence: spg1@pitt.edu
2 Present address: Department of Molecular, Cellular, and Develop-
mental Biology, Yale University, New Haven, Connecticut 06520.their MTs and pull nuclei together after cell fusion [1,
8–10] (Figure 1). During vegetative growth, Kar3 regu-
lates MT dynamics that affect both spindle size and
spindle position [3, 21]. Because both Kar3Cik1 and
Kar3Vik1 function during vegetative growth [7–11, 22],
it is difficult to distinguish Kar3 functions driven by
Kar3Vik1 from those due to Kar3Cik1.
Initial in vitro studies with GST-Kar3 revealed that this
C-terminal kinesin promoted minus-end-directed MT
gliding but also MT shortening from the minus end [20].
Historically, it was thought that Kar3 motored to the mi-
nus end of the MT and then switched its catalytic ac-
tivity to MT depolymerization [3, 20, 23]. Subsequent
studies with green fluorescent protein fused to α-tubulin
(GFP-tubulin) showed that the MT dynamics in yeast
appear to occur only at the MT plus ends [24, 25]. Re-
cently, Maddox et al. reported that during mating, GFP-
Kar3 couples the MT plus ends to the cortical shmoo
tip during MT depolymerization and that the Bim1-Kar9
complex maintains attachment of the MT plus ends
during MT polymerization [26]. Bim1 is the EB1 homo-
log (MT plus-end tip protein), and Kar9 is the MT linker-
cortex attachment protein [27, 28].
Budding yeast is an excellent model system to dis-
sect the roles of kinesin-motor-associated proteins for
regulation of motor activity and microtubule dynamics.
Because Kar3Cik1 is essential for karyogamy and Kar3-
Vik1 is not involved [10], our questions are framed
around the role of Kar3Cik1 for karyogamy (Figure 1).
At least three hypotheses can account for the observa-
tions in the literature: (1) After cell fusion, MTs interdigi-
tate, and Kar3Cik1 slides MTs in relation to one another
to bring the nuclei together. (2) MTs interdigitate, but
only Kar3Cik1-promoted MT depolymerization is re-
quired. (3) Nuclear fusion requires both Kar3Cik1-pro-
moted MT sliding and MT depolymerization.
For our in vitro studies, we have addressed the role
of Cik1 for Kar3 mechanochemistry. We propose that
Cik1 may modulate the catalytic activity of the Kar3
motor domain comparably to a myosin light chain, Cik1
may modulate the Kar3 interaction with the MT directly
or indirectly, and/or Cik1 may target Kar3 to the MT
plus end. We coexpressed truncated genes of Kar3 and
Cik1 (Figure 2). The Kar3 motor domain (Kar3MD) [29]
and dimeric D. melanogaster Ncd MC1 [30, 31] were com-
parative C-terminal kinesins. The Coomassie-stained
gel (Figure 2B) shows that the expressed Kar3Cik1 pro-
teins purified with an apparent stoichiometry of one
Kar3 per Cik1, and the analytical gel-filtration analysis
(Figure 2C) reveals that Kar3Cik1 migrates ahead of di-
meric kinesin K401 [32, 33]. These data indicate that
the truncated Kar3Cik1 motor is a stable heterodimer.
Kar3Cik1 Promotes Robust Microtubule Gliding
We used both polarity-marked and unmarked rhoda-
mine-labeled 20 M Taxol-stabilized MTs to show that
Kar3Cik1, like GST-Kar3 [20], was able to promote MT
gliding in vitro (see Movie S1 in the Supplemental Data
available with this article online). Figure 2D illustrates
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(1) Mating-specific pheromones induce Kar3 and Cik1 expression
as well as the formation of the rounded cell protrusions or
“shmoos.” (2 and 3) The astral MTs are highly dynamic, and the MT
plus ends become associated with the cortex. (4) For MT shorten-
ing, Kar3Cik1 motors (green spheres) are targeted to the MT plus
ends. Kar3Cik1-promoted MT depolymerization shortens the MTs
to pull each nucleus into its shmoo. (5) Localized cell-wall break-
down allows cytoplasm fusion, resulting in interdigitating MTs of
opposite polarity. (6) Kar3Cik1 can now use its minus-end-directed
force for both MT sliding and MT shortening to form the diploid nu-
cleus.one example of a polarity-marked MT that moved with
its plus end leading, indicating minus-end-directed mo-
tion. The polarity of the MTs was confirmed with con-
ventional kinesin, a well-characterized plus-end-directed
motor. The rate of Kar3Cik1 MT gliding was 2.40 ± 0.06
m/min. This rate was faster than the 1.3 ± 0.1 m/min
reported previously for GST-Kar3 [20].
Kar3Cik1-Promoted Microtubule Depolymerization
Requires ATP Turnover
The phenotypes of the kar3 strain and kar3-1 rigor
mutant suggest that Kar3 motor function acts to limit
both MT length and number during vegetative growth
and karyogamy [1, 3, 26]. To analyze the Kar3Cik1 de-
polymerase activity, we developed both a solution as-
say (Figure 3) and a real-time microscopy assay (Figure
4). The MT•Kar3Cik1 complex was preformed with dif-
ferent MT-stabilized substrates, and MT depolymeriza-
tion was initiated by MgATP (Figure 3). The results for
Kar3Cik1 were compared to the kinetic profile of MCAK
depolymerases [12–18, 34]. Kar3Cik1 was unable to de-
polymerize 20 M Taxol-stabilized or 1 mM MgGMPcPP-
stabilized MTs (Figure 3A). Both can be rapidly destabi-lized by MCAK [12]. Kar3Cik1 was able to depolymerize
MTs stabilized with 3 M Taxol (Figures 3B and 3C). In
the absence of Kar3Cik1, the 3 M Taxol-stabilized MTs
showed only trace amounts of soluble tubulin in the
supernatant. Upon addition of Kar3Cik1 plus MgATP,
there was an exponential increase in tubulin parti-
tioning to the supernatant as a function of time (kobs =
0.07 s−1). Experiments were performed with 1 mM
MgAMPPNP to ask whether ATP binding was sufficient
to induce Kar3Cik1-promoted depolymerization, as ob-
served for MCAK [12, 14, 15, 17, 18]. No evidence of
MT depolymerization by Kar3Cik1 with MgAMPPNP
was observed (Figure 3A). These results demonstrate
that Kar3Cik1-promoted MT depolymerization requires
ATP turnover. In contrast to MCAK, ATP binding is not
sufficient for Kar3Cik1 to destabilize MTs. The kinetics
of MCAK-promoted depolymerization are sigmoid, which
is characteristic of a MT catastrophe mechanism [15,
35]. However, the Kar3Cik1-promoted MT depolymeri-
zation kinetics best fit a single exponential function
(Figure 3C). These data indicate that Kar3Cik1 does not
promote MT catastrophe. Rather, the results suggest a
mechanism of sequential release of tubulin subunits
from the MT polymer, with each release event tightly
coupled to one ATP turnover.
Kar3Cik1 Steady-State ATPase Is Only
Stimulated by Microtubules
We examined the ATPase properties of Kar3Cik1 to
compare with Kar3MD [29], dimeric Ncd [30, 31], and
MCAK [15, 16]. Traditionally, kinesins in the absence of
MTs exhibit a very low ATPase activity, and MTs greatly
enhance this rate. This behavior was exhibited by Kar3-
Cik1 (Figures 2E–2G). For MCAK, soluble tubulin sub-
units also activate steady-state ATP turnover, and
MCAK can form a stable complex with a tubulin hetero-
dimer in vitro [12–18]. These observations for MCAK
have led to a proposed mechanism in which the MCAK•
tubulin complex detaches from the MT, and ATP turn-
over is used to liberate the motor from the tubulin het-
erodimer [14–18]. We pursued experiments to test this
type of mechanism for Kar3Cik1. In the absence of
MTs, the Kar3Cik1 steady-state ATPase was 0.014 s−1
(Figure 2E, inset, green circle). When Kar3Cik1 was
added to soluble tubulin, there was no activation of this
rate by soluble tubulin (Figure 2E, inset, red triangles),
yet there was dramatic activation of the steady-state
ATPase when MTs were used at the same tubulin con-
centrations (Figure 2E, inset, black circles). In addition,
there was no evidence of complex formation between
soluble tubulin and Kar3Cik1 when these were ana-
lyzed by gel filtration (data not shown). Our results indi-
cate that Kar3Cik1 does not detach from the MT in as-
sociation with a tubulin heterodimer.
The Kar3Cik1 steady-state ATPase was activated by
stable MTs (25 M Taxol) and MTs that depolymerized
(15 M Taxol) in the presence of Kar3Cik1 (Figures
2E–2G). Note that the concentration of Taxol used for
Kar3Cik1-promoted MT depolymerization in the dif-
ferent experiments varied. The concentration required
was determined in each case experimentally through
cosedimentation assays and SDS-PAGE. The steady-
state ATPase kinetics reveal a slightly higher k atcat
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(A) The three motors used: monomeric Kar3MD, Kar3Cik1 heterodimer, and dimeric D. melanogaster Ncd MC1.
(B) Coomassie-stained gel (2 M Urea, 8% SDS-PAGE) and Western blot showing protein purity and antibody specificity.
(C) Analytical gel filtration of Kar3Cik1, dimeric conventional kinesin K401, and Kar3MD with Mr based on amino acid sequence. Stokes radius
of Kar3Cik1 = 4.0 nm, K401 = 3.8 nm, and Kar3MD = 3.4 nm.
(D) Kar3Cik1 minus-end-directed MT motility in the presence of MgATP. Arrowheads denote the bright MT minus end, and the asterisks, the
dim MT plus end. The scale bar represents 5 m.
(E–G) The steady-state ATPase kinetics of Kar3Cik1 as a function of MTs (E) and MgATP (F and G). Both (E) and (F) were performed at 25 M
Taxol, at which the MTs were stable and resistant to Kar3Cik1-promoted depolymerization. (E) Final concentrations: 1 M Kar3Cik1, 1–40 M
tubulin, 25 M Taxol, and 1 mM Mg[α32P]ATP. Steady-state parameters: kcat = 0.35 ± 0.02 s−1; K1/2,Mt = 6.3 ± 1.3 M. Inset: Kar3Cik1 was
incubated with increasing concentrations of tubulin as MTs (black), soluble tubulin heterodimer (red), or in the absence of tubulin (green
circle), and the reactions were initiated with MgATP. Final concentrations: 0.5 M Kar3Cik1, 0–3 M tubulin, ± 3 M Taxol, and 100 M
Mg[α32P]ATP. The ATPase rate in the absence of tubulin (green) was 0.014 ± 0.006 s−1; soluble tubulin (red) = 0.015 ± 0.002 s−1. (F) Steady-
state ATPase at stable MT conditions. Final concentrations: 1 M Kar3Cik1, 40 M tubulin, 25 M Taxol, and 1–700 M Mg[α32P]ATP.
Kar3Cik1: kcat = 0.37 ± 0.005 s−1; Km,ATP = 8.2 ± 0.53 M. Inset: Initial phase at 1–200 M MgATP. (G) The steady-state ATPase at MT
depolymerizing conditions. Final concentrations: 1 M Kar3Cik1, 40 M tubulin, 15 M Taxol, and 1 mM Mg[α32P]ATP. Kar3Cik1: kcat =
0.26 ± 0.017 s−1; Km, ATP = 71.2 ± 16.2 M. The table shows the steady-state parameters of Kar3Cik1 in comparison to Kar3MD [29], and
dimeric Ncd MC1 [30]. “ND” denotes “not determined.”
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(A and B) Representative gel slices above each set of bars show
tubulin partitioning to either the supernatant (S) or to the MT pellet
(P). Each bar is the mean of three replicates, and the error bars
report the SEM. MTs in the presence (cyan bars) or absence (blue
bars) of Kar3Cik1 were incubated with different nucleotides and MT
stabilizing agents to determine the substrates for Kar3Cik1 de-
polymerization. Final concentrations: ± 50 nM Kar3Cik1, 500 nM
tubulin, 3 or 20 M Taxol or 1 mM MgGMPcPP, and 1 mM MgATP
or 1 mM MgAMPPNP. (B and C) MTs stabilized with 3 M Taxol
were incubated with Kar3Cik1 in the presence of 1 mM MgATP. The
reactions were terminated at specific times with 2 mM MgAMPPNP,
and then centrifugation and analysis by SDS-PAGE were per-
formed. The percent of tubulin partitioning to the supernatant was
plotted as a function of time, and the data were fit to a single expo-
nential function with kobs = 0.07 ± 0.01 s−1.conditions under which Kar3Cik1 promoted motility
(0.37 s−1) in comparison to conditions for Kar3Cik1-pro-
moted MT depolymerization (0.26 s−1). The two func-
tional activities of Kar3Cik1 exhibited different relative
affinities for MgATP: Km,ATP = 8.2 M for stable MTs and
71 M for depolymerizing MTs. At this time, we do not
know the mechanistic significance of the differences in
the steady-state parameters for the two activities—MT
depolymerization versus MT gliding.
Kar3Cik1 Promotes Plus-to-Minus-End
Microtubule Shortening
We visualized Kar3Cik1-promoted MT depolymeriza-
tion with rhodamine-MTs immobilized by the MT bind-
ing protein GST-XCTK2-NM [36], which acted as a scaf-
fold to hold the MTs away from the glass coverslip. The
MTs were imaged, and the reaction was initiated by
MgATP (Figure 4). Figures 4A–4C show times 0 and 60
min and the overlay of the two images. The red-tip MTs
reflect shortening during the reaction. The MTs gen-
erally shorten from only one end (Figure 4C, table). MT
shortening depended on the addition of Kar3Cik1 plus
MgATP. No change in MT length was observed in the
absence of motor or in the presence of Kar3Cik1 plus
MgAMPPNP (Figure 4, table). These experiments were
consistent with our solution studies in which Kar3Cik1-
promoted MT depolymerization required ATP turnover
(Figure 3).
The use of polarity-marked MTs showed Kar3Cik1-
promoted shortening from the MT plus end (Figures
4D–4F). We also evaluated dimeric Ncd to determine
whether MT depolymerization was characteristic of
other C-terminal kinesins. Dimeric Ncd also promoted
MT shortening from the plus- to the minus end (Figures
4G–4I). The rates of motor-promoted depolymerization
were similar for Kar3Cik1 (45 nm/min) and Ncd (53 nm/
min). In contrast, MCAK promoted MT shortening from
both ends, and at rates significantly faster (>800 nm/
min) [15].
For the polarity-marked MTs, we saw no examples
in which Kar3Cik1 promoted MT shortening specifically
from the minus end, although some MTs showed short-
ening from both ends for Kar3Cik1 and Ncd (Figure 4,
table). In contrast, conventional kinesin K401 was not
observed to shorten MTs (Figures 4P–4R). We do not
know whether the depolymerase activity of Ncd is bio-
logically relevant because there are no genetic or cellu-
lar studies reported to date that implicate Ncd in regu-
lating MT dynamics. However, our results document the
ability of Ncd to shorten MTs with characteristics sim-
ilar to Kar3Cik1 in vitro. These observations suggest
that this depolymerase activity may be common to the
Kinesin-14 C-terminal kinesins.
Kar3Cik1 Has a Higher Affinity for the Microtubule
End than Kar3MD
To determine whether Cik1 modulates the binding of
Kar3 to the MT, we localized Kar3 on rhodamine-MTs
with polyclonal antibodies to the Kar3MD. The affinity-
purified Kar3 antibodies recognize both the Kar3MD
and the Kar3 subunit of Kar3Cik1 but not tubulin or
Cik1, as shown by Western blot (Figure 2B). We local-
ized both Ncd and K401 with an antibody to a con-
Current Biology
1424Figure 4. Microtubule Shortening Promoted by Kar3Cik1, Ncd, and MCAK
MT•motor complexes were formed in the presence of MgAMPPNP and imaged at t = 0. MT depolymerization was initiated by MgATP plus
an ATP regeneration system.
(C, F, and I) Merge of times 0 and 60 min to show MT shortening (yellow) in comparison to the original length (red).
(C) The MTs exhibited shortening from only one end in the presence of Kar3Cik1 plus 1.5 mM MgATP. The scale bar represents 5 m.
(F) MT shortening from the plus end (*) of the MT in the presence of Kar3Cik1 and 1.5 mM MgATP. The scale bar represents 5 m. (D)–(R) are
at the same magnification.
(G–I) MT shortening from the plus end (*) of MTs in the presence of dimeric Ncd and 1.5 mM MgATP; the MT seed (arrowhead) denotes the
MT minus end.
(J–O) MT shortening from both ends promoted by Xenopus MCAK.
(P–R) Conventional kinesin K401 did not promote MT shortening. The MT shortening rate is reported as nm/min ± the SEM.served sequence in the kinesin catalytic core. In the u
pabsence of motor, there was very little nonspecific
binding, resulting in low background fluorescence (Fig- eres 5A–5C). Figures 5D–5F illustrate an example of a
olarity-marked MT with Kar3Cik1 localized to the plus
nd, Figures 5G–5I show Kar3MD bound to the MT lat-
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Mt•motor complexes were preformed in solution in the presence of MgAMPPNP, and glutaraldehyde fixation and centrifugation through a
glycerol cushion onto coverslips followed. The coverslips were processed for immunofluorescence. Final concentrations: 50 nM or 100 nM
motor, 500 nM tubulin, 3 M Taxol, and 1 mM MgAMPPNP. All panels represent the same magnification. The scale bar represents 5 m. The
MT seed (arrowhead) marks the MT minus end, and (*) denotes the MT plus end extended from the seed.
(A, D, G, J, and M) Rhodamine-labeled tubulin.
(B, E, H, K, and N) Anti-Kar3/Kinesin fluorescence.
(C, F, I, L, and O) Merge of the two channels to show MT-motor colocalization. The table shows the summary of MT localization events scored
for the four motors and the no-motor control.tice, Figures 5J–5L demonstrate Ncd binding to the lat-
tice, and Figures 5M–5O show conventional kinesin
coating the MT. The Figure 5 table summarizes the lo-
calization results for the Kar3MD, Kar3Cik1, dimeric
Ncd, and dimeric K401. Very few localization events
were scored in the absence of motor, and very few
binding events were evident at 50 nM Kar3MD in com-
parison to 50 nM Kar3Cik1, 50 nM Ncd, or 50 nM K401.
These results indicate that the Kar3Cik1 heterodimershows a higher affinity for MTs than the monomeric
Kar3MD. For the Kar3MD at 100 nM, 21.7% of scored
MTs showed end binding, 72.9% with lattice binding,
and 5.3% with lattice and end binding. In contrast, at
both 50 nM and 100 nM Kar3Cik1, 48% of the MTs ex-
hibited end binding, 27% lattice binding, and 25% lat-
tice and end binding. These data indicate that there is
a high-affinity site at the MT end for Kar3Cik1, resulting
in MT end binding in preference to MT lattice binding.
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glattice. The results for Ncd are more similar to the
wKar3MD results, and conventional kinesin K401 shows
e
no preference for the MT ends. c
A
Discussion
RWe provide the first in vitro characterization of Kar3Cik1
Rmechanochemistry. Our results reveal that C-terminal
A
kinesins exhibit a depolymerase activity quite distinct P
from the MCAK depolymerases. In vitro, Kar3Cik1 binds
preferentially to one end of the MT and promotes slow,
Rdirected MT shortening that occurs from only the plus
end of MTs. This mechanism is novel and critical for
the hypothesized roles of Kar3Cik1 during karyogamy,
meiosis, and mitosis [1–11, 21–23, 26, 37, 38]. In vivo,
most kinesin depolymerases appear to facilitate dy-
namic instability, catalyzing the rapid MT fluctuations
associated with chromosome “search and capture”
during mitosis [39–41]. To date, all of these kinesins
have been MCAK Kinesin-13s, but other types of MT
depolymerization events occur in the cell, for example
the very specific unidirectional MT depolymerization
that leads to karyogamy. It is plausible to argue that
a C-terminal kinesin, possessing minus-end-directed
force, makes an attractive candidate to ensure di-
rected, coordinated shortening of the MT from the plus
end to carry out events in which MT shortening must
be temporally and spatially exact. Kar3Cik1 is the first
example of a motor used in such a specialized cellular
event.
We propose that Cik1 targets Kar3 to the plus end of
MTs in the shmoo tip for MT shortening, and Kar3Cik1-
promoted depolymerization acts to pull the nucleus
into the shmoo tip (Figure 1). Once the two shmoo cy-
toplasms become confluent, our results would sug-
gest that Kar3Cik1 uses both its MT gliding activity to
slide antiparallel MTs and its depolymerase activity to
shorten the astral MTs for nuclear fusion. Our in vitro
data provide a mechanism to explain the role of Cik1
for Kar3Cik1 function in karyogamy, but unresolved
1questions remain. First, Kar3Cik1 appears to be teth-
ered to the cortex much like Bim1-Kar9 for MT polymer-
ization [26], and our in vitro analysis shows that it is
1the C-terminal domain of Kar3Cik1 that tracks with the
shortening MTs. Therefore, our results suggest that it is
the N-terminal domain of Kar3Cik1 that binds to a cor-
1tex binding partner yet to be identified. Because Kar3-
Cik1 can promote both MT shortening and MT gliding
in vitro, we cannot rule out a requirement for Kar3Cik1 1
MT sliding activity for nuclear fusion. Lastly, we do not
yet know if other MT- and/or Kar3Cik1-associated pro-
1teins participate to regulate Kar3Cik1-promoted MT de-
polymerization during karyogamy.
1
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Detailed Experimental Procedures and a supplemental movie are
available at http://www.current-biology.com/cgi/content/full/15/15/
1420/DC1/.
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